The importance of long non-coding RNAs (lncRNAs) in plant development has been established, but a systematic analysis of lncRNAs expressed during pollen development and fertilization has been elusive. We performed a time series of RNA-seq experiments at five developmental stages during pollen development and three different time points after pollination in Brassica rapa and identified 12 051 putative lncRNAs. A comprehensive view of dynamic lncRNA expression networks underpinning pollen development and fertilization was provided. B. rapa lncRNAs share many common characteristics of lncRNAs: relatively short length, low expression but specific in narrow time windows, and low evolutionary conservation. Gene modules and key lncRNAs regulating reproductive development such as exine formation were uncovered. Fortyseven cis-acting lncRNAs and 451 trans-acting lncRNAs were revealed to be highly coexpressed with their target protein-coding genes. Of particular importance are the discoveries of 14 lncRNAs that were highly coexpressed with 10 function-known pollen-associated coding genes. Fifteen lncRNAs were predicted as endogenous target mimics for 13 miRNAs, and two lncRNAs were proved to be functional target mimics for miR160 after experimental verification and shown to function in pollen development. Our study provides the systematic identification of lncRNAs during pollen development and fertilization in B. rapa and forms the foundation for future genetic, genomic, and evolutionary studies.
INTRODUCTION
Non-coding RNAs (ncRNAs) are the main products of the eukaryotic transcriptome that have regulatory functions (Laporte et al., 2007; Rymarquis et al., 2008; Guttman et al., 2009; Fabbri and Calin, 2010; Zhang et al., 2010) . These ncRNA molecules can be classified into short (<200 nt) and long (>200 nt) based on the RNA length (Zhu and Wang, 2012) . The long ncRNAs (lncRNA), first discovered due to the X chromosome-silencing phenomenon in the early 1990s, were historically regarded as the 'dark matter' of transcriptomes (Yamada et al., 2003) . Until recently, it has been shown to be a universal, strong regulatory component in gene expression at the post-transcriptional, transcriptional, and epigenetic levels (Onodera et al., 2005; Wang and Chang, 2011; Da Sacco et al., 2012; Wierzbicki, 2012) .
In plants, a considerable number of lncRNAs related to the stress response, flowering suppression process, fruit development, and fiber development have been detected (Zhu and Wang, 2012; Kang and Liu, 2015; Wang et al., 2015) . A few lncRNAs, such as INDUCED BY PHOSPHATE STARVATION1 (IPS1), cold induced long antisense intragenic RNA (COOLAIR), COLD ASSISTED INTRONIC NONCODING RNA (COLDAIR), and Early nodulin40 (Enod40), have been functionally studied (Kim and Sung, 2012a,b; Chekanova, 2015; Liu et al., 2015) . However, the involvement of lncRNA in plant growth and development remains to be explored.
Pollen development, pollination, and fertilization are the key processes for seed plants to complete sexual reproduction and alternation of generations. These processes are important to the utilization of male sterility in crop production. Transcription factors, DNA methylation, histone covalent modification, and chromatin remodeling have been uncovered in the complex gene regulatory networks of these processes (Borges et al., 2011; Le Trionnaire et al., 2011; Wei et al., 2011; Gutierrez-Marcos and Dickinson, 2012; Schmidt et al., 2012) . In addition, a lncRNA named LDMAR (long-day-specific male-fertility-associated RNA) has been identified recently in rice that can control photoperiod-sensitive male sterility by being processed into a 21-nt small RNA (Ding et al., 2012; Zhou et al., 2012; Zhu and Deng, 2012) . This discovery undoubtedly showed that lncRNAs might function in pollen development as well. However, their potential involvement in gene transcription regulation programs remains largely unexplored. Most lncRNAs have a tissue-specific expression pattern, allowing their discovery by transcriptome sequencing (RNA-seq) (Rinn and Chang, 2012) . By RNA-seq of anthers before flowering, pistils before flowering, and spikelets 5 days after pollination, lncRNAs that are expressed in conjunction with reproduction-related processes were systematically identified in rice . However, pollen development is a complex process that comprises a series of successive developmental stages. Pollination and fertilization also depend on several key phases such as pollen germination and pollen tube growth. To better understand the network of sexual reproduction, an investigation of dynamic changes in gene expression during successive developmental stages is needed. In this study, we aim to mine the roles of lncRNAs during the processes of pollen development, pollination, and fertilization in B. rapa. By using RNA-seq, we identified lncRNAs that were expressed in floral buds at five developmental stages and pistils at three different time points after pollination of the genic male sterility (GMS) A/B line (sister line) in B. rapa. Next, we predicted both cis and trans target protein-coding genes for lncRNAs and performed coexpression analysis with their potential targeted protein-coding genes. Third, we explored their possibility to be endogenous pseudo target mimics (eTMs) of known miRNAs and proved that two lncRNAs acted as functional eTMs for miR160 and uncovered their roles in regulating pollen formation. In addition, we analyzed the conservation of these B. rapa lncRNAs with those identified in A. thaliana. Taken together, these studies helped to assess the functions of lncRNAs during pollen development, pollination, and fertilization and deepened our understanding of the molecular mechanisms and biological behavior in these reproductive development processes.
RESULTS

Identification of lncRNAs in B. rapa
High-throughput RNA-seq combined with de novo assembly promises substantial discovery of novel transcripts. The plant we used for RNA-seq is the 'Bcajh97-01A/B' GMS A/B line of B. rapa. The progenies of the A/B line were segregated into sterile and fertile types during reproduction at a 1:1 ratio. The difference between 'Bcajh97-01A' and 'Bcajh97-01B' was only detected in pollen formation, in which the pollen is aborted, resulting from meiotic cytokinesis at the early pollen developmental stage in 'Bcajh97-01A', a single gene mutant (Huang et al., 2008) . Cytological observations of anther development showed that the pollen mother cells are formed normally in the sterile line, but the following cycle of meiosis is disturbed and the anther fails to form tetrads. From then on, the content of the microspore begins to degenerate and consequently forms aborted mature pollen grains only coated with a defective exine wall (Huang et al., 2008 (Huang et al., , 2009b . Thus, use of the 'Bcajh97-01A/B' GMS A/B line is a good system to study the genes expressed during pollen development. The Unigene library was built from 14 samples, including floral buds at five different stages (stage I to stage V: pollen mother cells, tetrad, uninucleate pollen, binucleate pollen, and mature pollen stage) both of the fertile and sterile lines, unpollinated pistils and pistils at 1 h after pollination (HAP), 3 HAP, and 10 HAP of the fertile plants ( Figure 1a) . In this study, 1 HAP corresponds to the period during which pollen germinate on the stigma, 3 HAP represents the pollen tube growing in the stylar transmitting tissue, and 10 HAP corresponds to the period when the pollen tube reaches the ovule and completes fertilization (Figure 1a) .
After de novo assembly, in total, 72 168 Unigenes with a poly (A) tail that were longer than 200 bp were identified. Following the workflow in Figure S1 , in total, 12 501 Unigenes were screened as highly reliable lncRNAs, which were proposed to be expressed during floral bud development and pollination and/or fertilization processes in B. rapa (Table S1 ). The expression of 15 randomly selected lncRNAs was verified by quantitative reverse transcription-PCR (qRT-PCR), with 14 results consistent with the results from RNA-seq ( Figure S2 ).
These 12 501 putative lncRNAs ranged from 200 bp to 4245 bp in length, with an average length of 373 bp (Figure 1b and Table S1 ). Most lncRNAs (91%) were shorter than 600 bp and only 2% were longer than 1000 bp. Approximately two-third of the lncRNAs were expressed at extremely low levels, with the reads per kilobase (Kb) per million mapped reads (RPKM) value (log 2) ranging from À2 to 0 in all samples ( Figure 1c and Table S1 ). The remaining lncRNAs were expressed at a low or medium level. Despite the low expression level, most lncRNAs have a distinct tissue-specific expression pattern. The numbers of lncRNAs detected in the 14 tissues ranged from 4145 in the floral buds at stage IV (corresponding to the binucleate pollen stage) of the fertile line to 5298 in 3 HAP pistils (Table S2) . Interestingly, the trend in the number of transcribed lncRNAs in the 14 samples corresponds to that of the protein-coding genes ( Figure 1d and Table S2 ).
Expression of lncRNAs at five different pollen developmental stages
In total, 9632 lncRNAs were expressed during the floral buds developmental process of the fertile plants, among which 1247 lncRNAs were expressed throughout the five developmental stages. Most of these were expressed selectively in some stages, and considerable numbers of lncRNAs were expressed exclusively in one stage. The floral buds at stage III (corresponding to the uninucleate pollen stage) had the largest amount of expressed lncRNAs (5039), while those at stage IV (corresponding to the binucleate pollen stage) had the lowest amount of lncRNAs (4145) (Figure 2a ). The floral buds at stage V (corresponding to the mature pollen stage) had the most tissue specific-expressed lncRNAs (903) and those in stage IV had the least (497) (Figure 2a ). In the sterile plants, a total of 9005 lncRNAs were expressed in floral buds, of which 1410 were continuously expressed during the entire developmental process (Figure 2b ). Similar to the situation in the fertile floral buds, the sterile floral buds at stage V also contained (d) The number of lncRNAs and protein-coding genes expressed in different tissues. B1-B5 represent floral buds at five developmental stages in the fertile line 'Bcajh97-01B', and A1-A5 stand for those of the sterile line 'Bcajh97-01A'; CK represents unpollinated pistils; 1 HAP, 3 HAP, and 10 HAP represent pistils at 1, 3, and 10 h after pollination, respectively, in the fertile line. the most specific expressed lncRNAs (724). However, the sterile line had the least specifically expressed lncRNAs (588) at stage I, corresponding to the pollen mother cell stage (Figure 2b) .
The difference in lncRNA expression in floral buds between the fertile and sterile lines was then analyzed. The fertile and sterile floral buds shared nearly 80% of the lncRNAs. We identified 2320 and 1693 lncRNAs specially expressed in fertile or sterile floral buds, respectively (Figure 2c ). Except for stage IV, fewer lncRNAs were expressed in sterile floral buds compared with the fertile buds ( Figure 2d) .
The difference in expression between lncRNAs and protein-coding genes during floral buds development was compared (Table S3 ). The numbers of protein-coding genes that were differentially expressed between the fertile and sterile lines increased gradually with pollen development, while the number of differentially expressed lncRNAs reached the peak at stage IV (Figure 3a) . In floral buds at stage IV, the ratio of differentially expressed lncRNAs to differentially expressed protein-coding genes was much higher than those in the other four stages. Fold change analysis indicated that before stage II, only a small number of lncRNAs varied largely in expression level between fertile and sterile lines, while after stage III, quite a few lncRNAs showed a larger difference in expression level between fertile and sterile lines (Figure 3b ). However, no such trend was observed in the difference in proteincoding gene expression between fertile and sterile lines (Figure 3c ).
Expression of lncRNAs during pollination and fertilization processes in B. rapa
To identify candidate lncRNAs that may participate in pollination and fertilization, the expression of lncRNAs was observed in pistils at three different time points after pollination. We observed that 8073 lncRNAs were expressed during pollination and the following fertilization process, with most being coexpressed at different phases ( Figure 4a ). Pistils of 3 HAP had the largest number of expressed lncRNAs, followed by 1 HAP pistils in both expressed and tissue-specific lncRNAs (Figure 4a ). In summary, the process of pollen tube growth in the stylar transmitting tissue expressed the maximum number of lncRNAs, followed by the phase of pollen germinating on the stigma and the phase when the pollen tube arrived at the ovule (Figure 4a ). It was found that a considerable number of pollen-expressed protein-coding genes also show expression during the subsequent pollen germination, pollen tube growth, and fertilization processes and are specifically involved in plant pollination and fertilization (Pina et al., 2005; Becker and Feijo, 2007; Wang et al., 2008) . To determine if lncRNAs have such similar expression patterns, the expression of lncRNAs from the beginning of pollen development to fertilization in the fertile line were analyzed. In total, 10 869 lncRNAs were detected in these eight samples, with up to 14% (1489/10 869) expressed continuously from the pollen developmental stages to the fertilization stages ( Figure 4b , Table S1 ). Most of these continuously expressed genes (1212) were expressed from the pollen developmental stages to the 10 HAP pistils; among which, 1029 lncRNAs were expressed from the beginning of the pollen development, that is, floral buds at stage I, to the 10 HAP pistils. However, the number of lncRNAs continuously expressed from the pollen developmental stages to 3 HAP and 1 HAP was much less (in total, 154 and 123, respectively).
Prediction of cis-regulated target protein-coding genes of lncRNAs
LncRNAs have been found to regulate the expression of proximal and distal protein-coding genes through cis-and trans-acting mechanisms . Cis regulation describes the regulation of genes that are located on the same chromosome with the lncRNAs (Kornienko et al., 2013; Zhu et al., 2015) , the prediction of which depends largely on a well-annotated genome.
The proximal protein-coding genes located within a genomic window of 100 Kb as described by Casero et al. (2015) were searched as cis-regulated target genes of lncRNAs. In total, 11 414 lncRNAs were found to have potential cis-regulatory effects on 19 707 protein-coding genes in 35 236 gene pairs (Table S4 ). Among these, 85% lncRNAs have more than one target gene, in which 68% target two to four target genes, and only seven lncRNAs have up to nine target genes ( Figure 5a ). Up to 54% of protein-coding genes correspond to only one lncRNA, and only one protein-coding gene was cis-regulated by up to 10 lncRNAs ( Figure 5b ).
The coexpression relationship between lncRNA and protein-coding gene pairs was subsequently investigated by weighted gene coexpression network analysis (WGCNA). Transcriptome regulation involved, in total, 1076 lncRNAs and 5404 protein-coding genes, among which many transcripts formed a complex web to function (Data S1). The coexpression network was divided into 10 modules (Figure S3 and Table S5 ). Different modules contained different proportions of lncRNAs, ranging from 9% in module 5 (M5) to 22% in M6, with an average of 17%. A distinguishable gene expression pattern was found for each module (Figures 5c and S4a). Significant Gene Ontology (GO) terms were identified in each module, ranging from 233 in M7 to two in M8 (Table S6) . GO: 0051704, which is associated with multiorganism processes, is involved in M1, M2, M4, and M7, while GO: 0030528 (transcription regulator activity) and GO: 0042221 (response to chemical stimulus) are involved in M1, M2, M6, and M7. Among these modules, the genes in M9 were highly expressed in the floral buds at stage III of the sterile and fertile lines and were annotated to be associated with pollen exine formation ( Figure 5d ). The genes in M10, which were highly expressed in stage III of the sterile line, were also predicted to be involved in pollen exine formation ( Figure S4b ).
In addition, a Spearman correlation of the expression of lncRNA and its cis-regulated target gene pair was calculated. When 0.9 was set as the correlation coefficient cutoff, the expression of 47 lncRNAs and their corresponding 47 target genes were strongly correlated (Table S7) . Forty-six gene pairs were positively correlated and only one pair was negatively correlated. Among these target genes, nine were upregulated in the fertile floral buds in at least one developmental stage, and 11 were downregulated (Table S8) . However, the function of these genes was unknown. Therefore, they are suspected to be unknown genes that function in pollen development and are cisregulated by lncRNAs.
Prediction of trans-regulated target protein-coding genes of lncRNAs
LncRNAs may act in trans, and the prediction of trans regulation relies on the interaction of lncRNAs with associated mRNAs via the formation of complementary hybrids. By using RNAplex software, in total, 904 lncRNAs and 6237 associated target protein-coding genes were determined to be trans-regulated in 12 051 gene pairs (Table S9) . Among these lncRNAs, 75% had only one target gene and 1% had more than 100 target genes. LncRNA TCONS_c80165.-graph_c0 and TCONS_c80324.graph_c0 had 2429 and 2095 target genes, respectively ( Figure 6a ). Among the 6237 target protein-coding genes, 3577, accounting for 57%, corresponded to only one lncRNA, and only seven genes (accounting 0.2% of the total) were trans-regulated by more than 10 lncRNAs ( Figure 6b ).
Based on WGCNA, 273 lncRNAs and 4081 trans-regulated protein-coding genes were classified into 14 modules ( Figure S3 ). Proportions of lncRNAs in the modules ranged from 1.4% in M18 to 10% in M11, with an average of 4.7% (Table S5 ). With the exception of M16, M20, M21, and M22, significant GO terms were identified in most modules, ranging from 247 in M12 to one in M23 (Table S10) . A distinguished expression pattern was also found in each module ( Figure S5 ). For example, genes in M19 were extremely highly expressed in the floral buds at stage V of the fertile line ( Figure 6c ) and were annotated to be associated with pollen tube growth ( Figure S6) . A widely interconnected regulation network between lncRNAs and mRNAs was also found in each module for trans-regulatory activity (Data S1). A subnetwork including five lncRNAs was shown to constitute a core of the network in M19 (Figure 6d) .
Expression correlation analysis indicated that 451 transacting lncRNAs were highly correlated with 949 corresponding target protein-coding genes by Spearman coefficient rho (rs) >0.9 (Table S11) , in which 1011 gene pairs were positively correlated, while 1014 gene pairs were negatively correlated. Gene annotation indicated that 10 target-coding genes corresponding to 14 lncRNAs were orthologs to the function-known pollen or pollen tubeassociated genes in A. thaliana (Table 1 ). The expression patterns of the target protein-coding genes revealed that 191 were upregulated and 232 were downregulated in the fertile floral buds (Table S12 ). Among these, Bra000248, Bra004109, Bra010453, Bra015449, Bra024709, and Bra026780 were annotated to be associated with pollen or pollen tube development (Table 1) .
Prediction of lncRNAs as endogenous target mimic of miRNAs
Studies have shown that lncRNA could act as eTMs to regulate miRNA functions by binding to miRNA via complementary sequences and therefore blocking the interaction between miRNA and its authentic target . Such inhibition of miRNA activity is termed target mimicry. We predicted the potential of lncRNAs as miRNAs eTM using 113 B. rapa miRNAs that were preciously obtained from floral buds of 'Bcajh97-01A/B' (Jiang et al., 2014) . In total, 15 lncRNAs were predicted to be the potential eTMs for 13 miRNAs, which were mostly 21 nt in length (Table 2 and Data S2).
The eTMs of four miRNAs, miRNA156, miRNA160, miRNA171, and miRNA172, were recently screened in A. thaliana . To confirm the prediction results and investigate the evolutionary conservation status of the eTMs, sequences of the predicted eTM-binding sites for the same miRNAs in B. rapa and A. thaliana were aligned. The predicted miRNA-binding sites were well conserved among eTMs of the same miRNA in the two species, while the nucleotides forming the bulge region in eTMs were not conserved, even in the same species (Figures 7a and S7 ). Further syntenic analysis indicated that only two eTMs, bra-eTM160-1 and bra-eTM171-1, were located in the same blocks with their corresponding A. thaliana eTMs (Figure 7b ).
Functional characterization of two lncRNA as eTMs for miR160 in pollen development
In the above eTM potential prediction, two lncRNAs, braeTM160-1 and bra-eTM160-2, were predicted to be potential eTMs for bra-miR160-5p. Bra-eTM160-1 is a homolog of ath-eTM160-1 which is a function-known lncRNA eTM for miR160 in A. thaliana, whereas bra-eTM 160-2 is specific in B. rapa. qRT-PCR showed that bra-eTM160-1 had the highest expression in root and stem, while bra-eTM160-2 was predominantly expressed in inflorescence (Figure 8a ). To investigate whether these two predicted eTMs can indeed function to abolish the binding between miR160 and its targets and participate in pollen development as well as the difference between these two eTMs, the full length of bra-eTM160-1 and bra-eTM160-2 were obtained by Rapid Amplification of cDNA ends (RACE) and overexpressed in B. rapa. Four transgenic lines overexpressing bra-eTM160-1 (4.1-8.5-fold increase in bra-eTM160-1 expression compared with wild-type plants) and three lines overexpressing bra-eTM160-2 (1.7-3.8-fold increase in braeTM160-2 expression compared with wild-type plants) were obtained (Figure 8b ). However, in the four transgenic lines overexpressing bra-eTM160-1, only the line, OE-braeTM160-1-15, which had the highest expression of bra- eTM160-1, showed phenotype. However, all of the three transgenic lines overexpressing bra-eTM160-2 showed phenotypes. The phenotype of bra-eTM160-2 overexpressing plants (represented by line OE-bra-eTM160-2-25) was the same as that of bra-eTM160-1 overexpressing plants, which had small and curled rosette leaves ( Figure S8 ). Although the shape of the floral organs of transgenic plants seemed to be normal ( Figure S8) , half of the pollen grains in the anther were small and shrunken (Figure 8c ), without viability, nuclei, or intine (Figure 8d ). Transverse sections of anthers at different developmental stages showed no differences between the transgenic and wildtype plants before the tetrad stage (Figure 9 ). However, from the uninucleate microspore stage, the microspore cytoplasm started to degenerate until it was aborted inside the anther locules (Figure 9 ). Transmission electron microscopy of microspores further verified this phenotype. At the early uninucleate microspore stage, obvious degeneration of the cytoplasm was observed (Figure 10e ). The aborted microspores were finally hollow and collapsed (Figure 10f-h) . As a result, no intine layer was formed in these aborted microspores (Figure 10l-n) .
The known target genes of miR160 are the auxin response factor (ARF)-encoding genes ARF10, ARF16, and ARF17 (Mallory et al., 2005) . In the B. rapa genome, five homologous genes of these three ARF genes, Bra011955 (BrARF10), Bra024109 (BrARF16-1), Bra011162 (BrARF16-2), Bra015651 (BrARF17-1), and Bra003665 (BrARF17-2), were also predicted to be targets of bra-miR160-5p. Consistent with the expected effects of eTMs, the expression level of bra-miR160-5p was decreased markedly in the inflorescence of transgenic plants overexpressing bra-eTM160-1 or bra-eTM160-2 (Figure 11a) . Moreover, the expression of all five BrARF genes was significantly increased, of which the upregulation of BrARF17 was the most obvious ( Figure 11b ).
Similarity alignment and conservative analysis of lncRNAs in B. rapa and A. thaliana
To better understand the function and evolution of plant lncRNAs, the sequence similarity of lncRNAs in B. rapa and the closely related species A. thaliana was analyzed. Among 12 051 lncRNAs in B. rapa, only 624 had homologs in the A. thaliana lncRNAs database (Table S13) . Expression analysis of these lncRNAs in 14 samples indicated that these lncRNAs were almost tissue-specific and were highly expressed in only one or two samples (Figure 12 ).
DISCUSSION
Although an increasing number of lncRNAs have been identified in plants, such as in A. thaliana (Matsui et al., 2008; Ben Amor et al., 2009; Song et al., 2009; Swiezewski et al., 2009; Liu et al., 2012; Jin et al., 2013; Wang et al., 2014) , Medicago truncatula (Wen et al., 2007) , rice , Zea mays (Boerner and McGinnis, 2012; Li et al., 2014) , wheat (Xin et al., 2011) , Populus trichocarpa (Shuai et al., 2014) , and cotton , the identification of the function of lncRNAs in the reproduction processes in plants is in the early stages, even in model plants . Here, a time series of RNA-seq experiments was performed from the beginning of floral bud formation to the early fertilization stages in plants, with systematically identified lncRNAs associated with sexual reproduction. The only difference between the sterile and fertile plants of the 'Bcajh97-01A/B' GMS line, the plant material we used in this study, is the pollen abortion resulting from male meiosis cytokinesis in sterile plants (Huang et al., 2008) . This makes the material a good system to study gene expression during pollen development. Differences in the expression of transcripts including protein-coding genes and miRNAs had been revealed between fertile and sterile floral buds in our previous studies, and many candidate genes had been characterized (Huang et al., 2008 (Huang et al., , 2009a Jiang et al., 2014; Lin et al., 2014 Lin et al., , 2018 . Here, the discovery of a set of differentially expressed lncRNAs between fertile and sterile plants provides an additional important intriguing clue to understand the regulation of male fertility in B. rapa. Moreover, as one of the most important vegetable crops worldwide, B. rapa is considered an ideal candidate to act as a reference species for Brassica genomic studies . The genome-wide characterization of lncRNAs in B. rapa will provide a unique annotation resource for the B. rapa genome.
The lncRNAs identified in this study showed a developmentally regulated expression manner (stage or tissuespecific). According to studies in mammals, the temporal expression profile of lncRNAs revealed that lncRNAs are expressed in narrower time windows than protein-coding genes (Pauli et al., 2012) . A similar conclusion could be drawn from our results. Quite a few B. rapa lncRNAs were expressed in one tissue exclusively. It has been proposed that lncRNA expression signatures may be able to accurately determine the developmental lineage and tissue origin because of their more tissue-specific expression pattern (Derrien et al., 2012) . The further exploration of those lncRNAs that are specific to a given developmental stage discovered in our study may achieve a breakthrough leading to a better understanding of the molecular control of sexual reproduction in plants.
LncRNAs could regulate gene expression either in cis or in trans (Fatica and Bozzoni, 2014) . Cis-acting lncRNAs were first reported to control the expression of genes that are positioned in the vicinity of their transcription sites (Orom et al., 2010; Marquardt et al., 2014) . Later, more and more trans-acting lncRNAs were discovered that could regulate gene expression at independent loci (Rinn et al., 2007; Tian et al., 2010; Ng et al., 2012; Hu et al., 2014; Yuan et al., 2014) . Additionally, studies showed that some of the cis-and trans-acting lncRNAs also overlapped , highlighting the complexity of the molecular roles of lncRNAs. Given that lncRNAs have tissue-specific expression patterns and are often coexpressed with their targetcoding genes, a method to infer putative biological function based on correlation in expression between lncRNAs and coding genes was also developed (Huarte et al., 2010) . In this study, we predicted the cis-and trans-target proteincoding genes of lncRNAs and performed a coexpression analysis between them. A group of cis-and trans-acting lncRNAs together with their target genes were found to be strongly coexpressed, including 10 target protein-coding genes orthologous to the function-known pollen or pollen tube-associated genes in A. thaliana. To date, with the exception of LDMAR, which was found to control photoperiod-sensitive male sterility in rice (Ding et al., 2012) , no lncRNA was characterized in male reproductive processes. Further investigation of these lncRNAs that are highly coexpressed with those function-known coding target genes may be the first step to elucidate the gene expression regulation pathway involving lncRNAs in the male reproductive process. Interestingly, we found a higher proportion of positive correlations among cis correlations than among trans correlations (46 of 47 highly related pairs for cis versus 1011 of 2025 highly related pairs for trans). A similar situation was found in the expression feature of human lncRNAs annotated by GENCODE (Derrien et al., 2012) and in a study regarding the transcriptional landscape that regulates human lymphoid commitment during postnatal life (Casero et al., 2015) . Studies in humans have questioned that some positive correlations may arise from lncRNAs being unannotated UTRs of neighboring protein- coding genes (Derrien et al., 2012) or may be due to shared upstream regulation between lncRNAs and their neighboring genes (Ma et al., 2012) . To confirm whether the higher positive correlations among cis correlations are mainly resulted from these presumptions, full-length cloning and further functional elucidation of these lncRNAs are needed. Many cis-acting lncRNAs have been demonstrated to activate the expression of flanking genes. For example, enhancer RNAs could activate corresponding genes in cis via their products (Orom et al., 2010) . These lncRNAs that are significantly coexpressed with nearby protein-coding genes thus represent interesting candidates to be tested in future experimental studies. Recently, lncRNAs were demonstrated to be involved in a newly identified miRNA regulation mechanism termed target mimicry (or natural miRNA sponge) that initially was studied in A. thaliana (Franco-Zorrilla et al., 2007; Ivashuta et al., 2011; Rubio-Somoza et al., 2011; Wu et al., 2013) . Several lncRNAs, such as ath-eTM160-1, ath-eTM166-1, osa-eTM160-3, and nta-eTMX27, showed effective inhibition ability on the corresponding miRNA activities in A. thaliana and tobacco (Nicotiana tabacum) . In this study, we predicted the eTMs of miRNAs that were previously identified in B. rapa floral buds, and 15 potential eTMs for 13 miRNAs were identified. The eTM-binding sites for the same miRNAs were found to be well conserved in B. rapa and A. thaliana. Therefore, we proposed that certain interactions between these potential eTMs and miRNAs may exist and play a fundamental role in pollen development. By overexpressing the eTMs in B. rapa, we demonstrated that braeTM160-1 and bra-eTM160-2 had inhibitory ability on bramiR160-5p and participated in pollen formation and male fertility through upregulating ARF genes, especially BrARF17. A previous study had shown that ARF17 is essential for primexine formation and pollen development in A. thaliana, as primexine was absent in the arf17 mutant, which leads to pollen wall-patterning defects and pollen degradation . Plants with increased ARF17 mRNA levels upon expressing a miR160-resistant version of ARF17 also showed male sterility (Mallory et al., 2005) , but the reason for the sterility was unknown. In this study, the reason that increased ARF17 mRNA levels induced sterility was discovered in B. rapa. It is interesting that a potential dosage-dependent regulation may render eTMs as an endogenous modulator for plant miRNA functions. Among the transgenic plants overexpressing braeTM160-1, only the plants with the higher level of braeTM160-1 expression showed phenotype. A similar result was found in a previous study, which aimed to identify the eTM osa-eTM160-3 for rice miR160. Only one-half of the transgenic plants that expressed osa-eTM160-3 at higher levels showed visible phenotypes , suggesting that the expression of eTMs has to reach a certain level to effectively saturate the corresponding miRNAs. However, for bra-eTM160-2, transgenic plants overexpressing bra-eTM160-2 at a moderate level could show visible phenotypes, indicating that the efficiency of the two eTMs for miR160 in B. rapa is different. Variations in efficiency of eTMs were also reported in other studies. For example, the efficiency of a rice eTM for miR160 was higher than that of an A. thaliana eTM when they functioned in A. thaliana . As these two eTMs are highly conserved in sequences complementary to miR160, but the majority of their sequences is very diverse outside of the target mimicry region, the author suggested that the backbone sequences of eTMs may contribute to their functional differences . Similarly, Bra-eTM160-1 and bra-eTM160-2 are conserved only in the regions that are complementary to miR160, while other regions are very different. Although further experiments are needed to verify this hypothesis, differences in efficiency of eTMs might be common in plants. In addition, one miRNA usually has more than one eTM. Some eTMs showed great variation in expression among tissues . The expression of bra-eTM160-1 and bra-eTM160-2 among tissues is different. The potential dosage-dependent regulation, variation in expression and functional efficiency among eTMs may help to fine-tune miRNAs in a more temporal-or cell type-specific manner.
In addition to the functionality, the evolution of lncRNAs is still largely unexplored. A recent study in tetrapods indicated that most lncRNAs evolve rapidly in terms of sequences and expression levels, but tissue specificities Figure 9 . Anther transverse sections of transgenic Brassica rapa overexpressing bra-eTM160-1 or bra-eTM160-2. Sections of anthers at tetrad stage, uninucleate pollen stage, binucleate pollen stage, and trinucleate pollen stage in wild-type plants (WT) and transgenic plants overexpressing bra-eTM160-1 or bra-eTM160-2. Scale bars, 50 lm. are often conserved (Necsulea et al., 2014) . For plant lncRNAs, such analyses remain scarce. A recent blast search of strawberry lncRNAs against the lncRNAs identified in several non-Rosaceae plant species yielded none or very few homologs (Kang and Liu, 2015) , suggesting limited evolutionary conservation in plant lncRNAs. Here, we compared the sequence similarity of lncRNAs in B. rapa and its closely related species A. thaliana and found that only approximately 5% (624 out of 12 051) had homologs in A. thaliana. Interestingly, the expression of these conserved lncRNAs was tissue-specific. These results indicated that lncRNAs might have similar evolution mechanisms in terms of tissue specificities in both plants and animals. All in all, genome-wide screening and functional analysis enabled the identification of a set of lncRNAs and their functional links with neighbors, and may reveal a more general mechanism for the regulation of the sexual reproduction process in B. rapa.
EXPERIMENTAL PROCEDURES Plant materials and growth conditions
The 'Bcajh97-01A/B' GMSA/B line of B. rapa was grown at an experimental farm associated with Zhejiang University. The five developmental stages of floral buds (stages I-V) were classified depending on the longitudinal diameter ( Figure 1a ) and cytological observations of anther and pollen development (Huang et al., 2007) . The pollination assay was performed according to our previous study (Jiang et al., 2013) . Specifically, the pollen in the five floral bud stages corresponded to pollen mother cells (stage I), tetrad (stage II), uninucleate pollen (stage III), binucleate pollen (stage IV), and mature pollen (stage V). The 1 HAP pistils corresponded to the period of pollen germination on the stigma, 3 HAP represented the pollen tube growing in the stylar transmitting tissue, and 10 HAP was the period when the pollen tube reaches the ovule and completes fertilization (Figure 1a ). Samples were collected from 50 individual plants. The materials were frozen in liquid nitrogen immediately after harvesting and stored at À75°C for subsequent analysis.
RNA sequencing and identification of lncRNAs
Total RNA was extracted from the floral buds at five different stages described as above, non-pollinated pistils and pistils at 1, 3, and 10 HAP using TRIzol reagent (Invitrogen, Carlsbad, CA, USA) following the manufacturer's instructions and sent for RNA-seq. The protocols for library construction and sequencing followed the standard procedures provided by Illumina (NEBNextUltra TM RNA library Prep kit, Illumina, USA). The sequencing was performed by Biomarker Technologies (http:// www.biomarker.com.cn) on an Illumina HiSeq 2500 System. In total, 299 9 10 6 paired-end clean reads were generated (on average, 21 9 10 6 clean reads for each sample). Finally, 72 168 Unigenes that were longer than 200 bp were assembled and used for lncRNAs screening. The screening process for lncRNAs followed the workflow in Figure S1 and included three main steps. First, Coding Potential Calculator (CPC) software was used to assess the protein-coding potential of Unigenes (Kong et al., 2007; Weikard et al., 2013) to screen for the possible non-coding RNAs. Second, BLAST-Like Alignment Tool (BLAT, cutoff E-value 10
À5
) software was applied to perform the sequence similarity alignment (cutoff E-value 10
) of possible non-coding RNAs and the coding DNA sequence from the Brassica database (BRAD, http://brassi cadb.org/brad/index.php), in order to further rule out the possibility of coding genes. Finally, BLAT software was used for the alignment of the original non-coding RNAs against the B. rapa reference genome to localize them to the genome, so we could eliminate ones that had more than nine positions and that were considered to be repeats in the genome. Eventually, we identified the highly reliable putative lncRNAs in B. rapa.
Expression analysis of putative lncRNAs and quantitative reverse transcription-PCR validation
RPKM values were used to reflect the corresponding expression of genes abundance, and RPKM > 0.1 was used as the threshold for an expressed gene. Pairwise differential expression analysis Figure 11 . qRT-PCR analysis of bra-miR160-5p and its target genes in transgenic Brassica rapa overexpressing bra-eTM160-1 or bra-eTM160-2. (a) Detection of bra-miR160-5p expression in plants overexpressing bra-eTM160-1 or bra-eTM160-2. (b) Relative expression levels of BrARF10, BrARF16, and BrARF17 in wild-type and transgenic plants overexpressing bra-eTM160-1 or bra-eTM160-2. Error bars indicate the standard deviation (SD) (n = 3). **means statistical significance (P < 0.01) as determined by Student's t-test.
was performed with the DESeq package in software of the R project for statistical computing. Wayne diagrams were drawn by the online website (http://bioinformatics.psb.ugent.be/webtools/Venn/ ). For validating the expression of the putative lncRNAs, qRT-PCR was performed using the total RNA extracted from the same samples with RNA-seq. qRT-PCR was achieved according to the process used in the previous study (Dong et al., 2015) with the genespecific primer pairs (Table S14 ). BrUBC10 was used as the reference gene, and the results were calculated using the 2 ÀMMCt method (Livak and Schmittgen, 2001 ).
Target gene prediction and coexpression analysis of lncRNAs with protein-coding genes
Whether lncRNA could regulate protein-coding genes in a cis manner was determined by the correlation with chromosomal neighboring genes within 100 Kb from the middle of the lncRNA gene, followed by WGCNA (Casero et al., 2015) . The trans-acting lncRNAs and their target protein-coding genes were predicted using RNAplex software (Tafer and Hofacker, 2008) and WGCNA was used to analyze the coexpression of lncRNAs and their target protein-coding genes. A Spearman correlation of the expression of lncRNA and its target gene pair was calculated using an R package.
For all the target protein-coding genes, GO analysis was carried out using the GO Analysis Toolkit and Database for Agricultural Community (agriGO, http://bioinfo.cau.edu.cn/agriGO/analysis.php). A hypergeomethic test was taken as the statistical test method and Yekutieli (FDR under dependency) was adopted as the multitest adjustment method. The GO annotations of all the Unigenes obtained in our sequenced samples were taken as the background.
Prediction of endogenous target mimic for miRNAs
MicroRNA data were generated from small RNA high-throughput sequencing of the same plant materials in our laboratory (Jiang et al., 2014) . Taking the method described by Wu et al. (2013) as reference, lncRNAs that may function as endogenous target mimics (eTMs) of microRNA were predicted using local scripts.
Data from Wu et al. (2013) giving the sequences for A. thaliana eTMs for miR156, miR160, miR171, and miR172 were downloaded. ClustalW and WebLogo (http://weblogo.threeplusone.com/) were employed to generate multiple alignment and sequence logos for the eTMs from B. rapa and A. thaliana. Distribution for the 24 building blocks of the ancestral karyotype (AK) was carried out for syntenic analysis (Cheng et al., 2013) . The chromosomal locations of eTMs in B. rapa and A. thaliana were obtained from BRAD and the Arabidopsis Information Resource (TAIR, https://www.arabidop sis.org/), respectively. The syntenic relationships between the genomes were illustrated using Circos (Krzywinski et al., 2009 ).
Similarity analysis of lncRNAs from B. rapa and A. thaliana LncRNA data for A. thaliana were downloaded from the Plant Long non-coding RNA Database (PLncDB, http://chualab.rockefelle r.edu/gbrowse2/homepage.html). The similarities and conservation Figure 12 . Expression patterns of Brassica rapa lncRNAs with homologs in Arabidopsis thaliana. A1-A5 represent floral buds at five developmental stages of the sterile line 'Bcajh97-01A', and B1-B5 stand for those of the fertile line 'Bcajh97-01B'; CK represents unpollinated pistils; and 1 HAP, 3 HAP, and 10 HAP represent pistils at 1, 3, and 10 h after pollination, respectively, in the fertile line.
of lncRNAs between B. rapa and A. thaliana were compared using BLAST software (E-value set to 10 À5 ).
Generation of transgenic B. rapa plants overexpressing eTMs
The full-length cDNAs of eTMs were amplified by RACE, then inserted into the binary vector pBI121 and transformed into the fertile B. rapa mediated by Agrobacterium tumefaciens as described by Yu et al. (2004) . PCR was performed to identify the transformed lines by detecting the reporter gene NPTII in the pBI121 vector. qRT-PCR was used to detect the expression of eTMs and the ARF genes. BrUBC10 was used as the reference gene. qRT-PCR was achieved according the process described above. miR160 expression was detected using the Mir-X TM miRNA First Strand Synthesis Kit (Takara, Dalian, China), with the genespecific primer 5 0 -TGCCTGGCTCCCTGTATGCCA-3 0 . BrU6 was used as the reference gene. All primers used are listed in Table S14 . Statistical significance was determined using Student's t-test (**P < 0.01).
Cytological analysis of pollen grains and microscopy
Anthers were dissected from unopened floral buds and subsequently dyed with Alexander stain (Alexander, 1969) to detect the viability of pollen. DAPI solution was used to investigate the nuclei of pollen (Regan and Moffatt, 1990) , whereas cellulose distribution was investigated using calcofluor white stain (Mohebali et al., 2002) . The stained pollen was observed and photographed under a Leica DMLB fluorescence microscope. For scanning electron microscopy (SEM), pollen grains were spread on SEM carriers, coated with gold palladium in an Eiko Model IB5 ion coater for 4-5 min, and observed in a Hitachi Model TM-1000 scanning electron microscope. For semi-thin section and light microscopy, floral buds were fixed with 2.5% glutaraldehyde in phosphate buffer (pH 7.0) overnight and postfixed with 1% OsO4 in phosphate buffer for 1 h. The specimens were then dehydrated through a graded series of ethanol and embedded in Spurr resin. Semi-thin sections (1 lm) were sliced under an LKB 11800 PYRAMITOME ultramicrotome (Stockholm Sweden), stained with 0.5% toluidine blue, and photographed with a Leica DMLB fluorescence microscope. For transmission electron microscopy, floral buds were fixed, embedded, sectioned, and photographed using a Hitachi Model H-7650 transmission electron microscope. The detailed procedures can be found in Lin et al. (2014) .
GenBank accession numbers
bra-eTM160-1: MG869744, bra-eTM160-1: MG869745. The RNAseq read data have been deposited in the Short Read Archive (SRA) data library under accession number SRP149066.
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